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The effects of different refrigerants on heat transfer performance of pulsating heat pipe (PHP) are investigated 


experimentally. The working temperature of pulsating heat pipe is kept in the range of 20°C-50°C. The startup 


time of the pulsating heat pipe with refrigerants can be shorter than 4 min, when heating power is in the range of 


10W-100W. The startup time decreases with heating power. Thermal resistances of PHP with filling ratio 20.55% 


were obviously larger than those with other filling ratios. Thermal resistance of the PHP with R134a is much 
smaller than that with R404A and R600a. It indicates that the heat transfer ability of R134a is better. In addition, a 


correlation to predict thermal resistance of PHP with refrigerants was suggested. 
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Introduction 


As a potential heat transfer component for the mi- 
cro/mini scale cooling device of high heat flux, pulsating 
heat pipe (PHP) has been investigated by lots of scholars 
around the world. It was presented by Akachi [1]. No- 
wadays, PHP has been put into use in practical engineer- 
ing applications for its advantages [2-3]. 

A lot researchers investigated the effect of many fac- 
tors on startup and heat transfer performance of PHP with 
conventional working fluids [4-8]. But, the working tem- 
peratures of PHP with conventional working fluids are 
higher than room temperature. It is difficult for applica- 
tion in electronic cooling. How to remove the heat dissi- 
pation of electronic apparatus in room temperature is 
important. So the PHP with new working fluids should be 
studied to obtain the suitable working temperature for 
electronic cooling. 

Zhi Li and Li Jia et al. [9] studied experimentally 
thermal performance of the PHP with acetone for LED 
cooling. They found that the working temperature may be 
more than 70°C for high heating power. Gu J.J. and Ka- 
waji M. et al. [10] studied the effects of gravity on the 


performance of pulsating heat pipes with refrigerant 
(R-114). These experiments confirmed that pulsating heat 
pipes with refrigerant are capable of operating satisfacto- 
rily under reduced gravity, and should be suitable for 
deployment in space applications. Naik Rudra and Pinto 
Linford et al. [11] proposed a simplified theoretical mod- 
el of pulsating heat pipe employed in a vapor compres- 
sion refrigeration system, and the best results were ob- 
tained with R-12 as the working fluid. Li Xuejiao and Jia 
Li et al. [12] studied experimentally the thermal perfor- 
mance of the plate pulsating heat pipe with low-boiling 
point fluids. Experimental results indicate that pulsating 
heat pipes with low-boiling point fluid start up more 
quickly and start-up temperature is lower compared with 
acetone at different heat power. Lu Qianyi and Jia Li et al. 
[13] studied experimentally the plate pulsating heat pipe 
application in rack cooling system. Working fluid is 
R600a. Start-up temperature is in the range of 18-27. 
Although thermal performances of PHP were studied in 
wide range, the relationship between the heat transfer 
performance of PHP and the refrigerant working fluids is 
not investigated in details. 

In this paper, based on some researches [14-16], the 


heat transfer performances of a tube-type pulsating heat 
pipe with refrigerants of R134a, R404A and R600a were 
investigated experimentally. The working temperature of 
PHP was kept in the range of 20°C-50°C. In addition, a 
non-dimensional correlation to predict the thermal resis- 
tance of PHP with refrigerants was suggested. 


Experimental Setup and System 


The investigated pulsating heat pipe was made of red 
copper, and bended into coil with 18 turns, whose inner 
diameter is 2 mm and outer diameter is 3 mm. The length 
of evaporator, condenser and adiabatic sections are 50 
mm, 100 mm and 100 mm, respectively. The PHP was 
tested vertically, and the evaporator section was heated 
by electrical resistance heater wire. The working fluids 
were R134a, R404A and R600a, respectively. There were 
14 T-type thermocouples fixed on the PHP measuring 
temperature of three sections in total. Respectively, 6 
thermocouples were fixed on the evaporator section in 
the way of every other straight tube, and it was the same 
for condenser section. There were 2 thermocouples fixed 
on the adiabatic section. The 6 thermocouples on the 
evaporator section were covered by the electrical resis- 
tance heater wire. The experimental system is shown in 
Fig. 1. 
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Fig. 1 Schematic of Experimental System 
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The experimental system includes heating system, 
cooling system, steady flow system, data acquisition sys- 
tem and evacuation system. The evaporator section was 
heated by an electrical resistance heater, and the con- 
denser section of tested PHP was cooled by cooling water 
from a water tank. The inlet and outlet temperatures were 
measured by 3 T-type thermocouples in the inlet and 3 
T-type thermocouples in the outlet. For getting stabilized 
cooling water, a steady flow system was with an over- 
flow port on the top part and an outlet on the bottom. The 
flow rate of cooling water can be kept among 1.5 g/s-2.5 
g/s. The experimental data were collected by Agilent 
34970A data acquisition unit which has a 1 HZ of col- 
lecting frequency and a personal computer as the data 
acquisition system. The tested PHP was evacuated by a 
vacuum pump ( V-i120SV). 


Results and discussion 


In this research, the influence of filling ratio and 
working fluid on startup and heat transfer performance of 
pulsating heat pipe were studied. The temperature of 
evaporator section was kept among 20°C-50°C, and the 
heating power in the experiment was kept in the range of 
10W-100W. In this paper, the thermal resistance is de- 
fined as: 


(1) 


Q =c, (Tpu Tn) (2) 

Where, cp is the specific heat of cooling water; m is 

the mass flux, and Tout and Tin are the average tempera- 

ture of three thermocouples fixed in the outlet and inlet 

of the cooling tank. Ty and Tc are temperature of evapo- 
rator section and condenser section respectively. 


Influence of filling ratio 

The PHP was charged with R134a working fluid, and 
the filling ratios were 20.55%, 35.2%, 49.89%, and 
74.84%, respectively. The heating power was kept in the 
range of 1OW-100W to keep the temperature of evapo- 
rator section in the range of 20°C-50°C. The startup time 
of the PHP with four filling ratios at different heating 
power are shown in Fig.2. 
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Fig. 2 Influence of filling ratio on startup time of PHP 

In general, the startup time of the PHP with four filling 
ratios decreased with heating power. When heating pow- 
er was 10W, the startup time of the PHP with four filling 
ratios achieved the maximum values. The largest startup 
time of which reached 220s for filling ratio ®=20.55%. 
When heating power exceeding 20W, all startup times of 
the PHP stayed under 50s. The shortest startup time was 
11s for b=49.89% at 60 W. Additionally, when heating 
power was in the range of 40W-100W, the startup times 
of the PHP with four filling ratios did not change much 
with heating power. 

Fig.3 shows the influence of filling ratio on thermal 
resistance of the PHP. The curve of thermal resistance of 


PHP with 20.55% filling ratio was higher than the other 
three curves. The thermal resistance of PHP with 20.55% 
filling ratio was in the range of 0.64°C/W-1.44°C/W, 
which indicates that the PHP with R134a is not suitable 
for operating in low filling ratio. The difference among 
the thermal resistances of the other three filling ratios 
was not very apparent at the same heating power. It sug- 
gests that the effect of filling ratio on thermal resistance 
may be not important. The minimum thermal resistance 
value was 0.27°C/W when ®=74.84% and heating power 
P=100W. 
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Fig. 3 Influence of filling ratio on thermal resistance of PHP 


It can be seen that all working temperature for PHP 
with four filling ratios were in the range of 20’C-50°C 
when heating power was in the range of 10W-100W, 
shown in Fig. 4. The temperature of evaporator section 
significantly increased with the heating power, and the 
larger filling ratio could get the higher temperature of 
evaporator section. But for Ø = 49.89% and Ø = 74.84%, 
two curves almost overlapped. It means the temperature 
of evaporator section did not increase with filling ratio. 
For higher filling ratio, the evaporator section could get 
lower temperature in same heating power. High filling 
ratio means that more working fluid is in the PHP, and it 
can transport more energy from evaporator section to 
condenser section. It leads to that the heat dissipating 
capacity at the condenser section gets more. In this re- 
search, the temperature of evaporator section for ® = 
20.55% and ® = 35.27% filling ratio exceeded 50°C 
when heating power exceeded 50W and 60W, respec- 
tively. But the temperature of evaporator section for 
higher filling ratio stayed under 50°C, and higher heating 
power could be input till P=100W. 
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Fig. 4 Influence of filling ratio on working temperature 


Influence of working fluid 


To investigate the effect of working fluid on the ther- 
mal performance of PHP, refrigerants of R134a, R404A 
and R600a were tested at different heating power with 
filling ratio of Ø = 74.84%. Fig. 5 show the startup time 
of R134a, R404A and R600a with heating power. At the 
same input heating power, the startup time of PHP with 
R134a was shorter than that with R404A and R600a. 
However, with the heating power increasing, the differ- 
ence between start times of the PHPs with three refrige- 
rants decreased. It became very small when heating pow- 
er exceeded 80W. The thermal resistance of the PHPs 
with R134a, R404A and R600a are given in Fig.6. It is 
indicated that the thermal resistance of the PHP with 
R134a was much smaller than that with R404A and 
R600a. The difference between thermal resistances of the 
PHPs with refrigerants decreased with heating power. 
Thermal resistance of the PHP with R600a was 0.88 °C/W 
for heating power of 20W, bigger than that with R134a. 
The difference almost approached 50%. In the higher 
heating power, the difference was more than 20%. The 
heat-transfer capability of R134a is apparently better than 
R404A and R600a in this research. 

The working temperatures of the PHPs with R134a, 
R404A and R600a were given in Fig.7. All temperatures 
were in the range of 20°C-50°C and can applied in heat 
transfer of room temperature. The working temperatures 
of PHPs increased with heating power. R404A was with 
the lowest working temperature in three refrigerants. So 
it can be concluded that refrigerant R404A is more suita- 
ble to work under the condition of room temperature. 
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Fig.5 Startup time of PHP with refrigerants 
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Fig. 6 Thermal resistance of PHP with refrigerants 
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Fig.7 The working temperature of PHP with refrigerants 


Correlation about Thermal Resistance R 


In the base of many investigations and results, the 
factors influencing thermal resistance mainly include 
heating power P, filling ratio ®, surface tension o, spe- 
cific heat C, inner diameter of PHP d, density of liquid 
working fluid p, latent heat of phase change hg, and dy- 
namic viscosity u. So the relation of thermal resistance R 
and these influencing factors can be written in the fol- 
lowing form: 

R= f(P,®,6,C,d, phy, H) (3) 


Based on non-dimensional analysis, a non-dimen- 
sional correlation about thermal resistance can be written 
as 


2 Xn P o 4 
cpd Ph g R Pon dph g “dphi2 0) (4) 
The above equation can be transformed as 
non-dimensional form; 
R =C PA. Fp Fy Ds (5) 


Some non-dimensional parameters were introduced. 
Non-dimensional thermal resistance is written as, 


2 
Rr =(c,d°ph ZR) =0 dph pR? (6) 
Non-dimensional surface tension is written as, 
o 
pS (7) 
dp Pg 
Non-dimensional heating power is written as, 
2 
P P 
P= = (8) 
© (d ph4) doh 
Non-dimensional dynamic viscosity is written as, 
u i je 
F= (9) 


Z| 92 2 
doh) Phe 
The coefficient and exponents in Eq. (5) can be de- 
cided from experimental data. More than 200 experi- 


mental data were applied in this research, and the coeffi- 
cient and exponents in Eq. (5) were obtained. 
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The comparison between the prediction of the sug- 
gested non-dimensional correlation and experiment was 
given in Table 1. The average relative error is less than 
25%, which indicates the suggested non-dimensional 
correlation gives a good prediction for the thermal resis- 
tance of the PHP with refrigerant. 


Table 1 The comparison between non-dimensional correla- 
tion and experiment on thermal resistance 


Filling ratio @D=85.17% 

Heating power (W) 20 40 60 80 100 
Experimental result 

x 0.514 0.49 0.432 0.361 0.313 
CC/W) 
Predict value 

x 0.573 0.407 0.333 0.289 0.259 
CC/W) 
Relative error (%) 11.5 17.01 22.87 19.9 17.26 


Conclusions 


In this paper, the thermal performance of PHP with re- 
frigerants R134a, R404A and R600a was investigated, 
and a non-dimensional correlation about thermal resis- 
tance was suggested. Some results were obtained. 

(1) Startup times of PHP with four filling ratios reduce 
with heating power. Thermal resistances of PHP with 
filling ratio 20.55% were obviously larger than those 
with other filling ratios. Thermal resistances of PHP with 
other three filling ratios differ not too much at the same 
heating power. Working temperatures of PHP increase 
with input heating power. 

(2) Thermal resistance of the PHP with R134a is much 
smaller than that with R404A and R600a, which means 
the heat transfer capability of R134a is much better. 
Working temperatures of the PHP with R404A are lower 
than those with R134a and R404A at the same heating 
power. 

(3) A correlation to predict thermal resistance of PHP 
with refrigerants was suggested based on non-dimen- 
sional analysis. 
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